Abstract: Sperm DNA fragmentation (SDF) testing has been emerging as a valuable tool for male fertility evaluation. While the essential role of sperm DNA integrity in human reproduction was extensively studied, 
Introduction
Male factors are responsible in approximately half of all infertility cases (1) . The remarkable evolution of assisted reproductive techniques (ART) has significantly impacted the development of clinical andrology (2) . The value of proper male evaluation is overlooked since intracytoplasmic sperm injection (ICSI) possibly gives the couple a baby without explaining the nature or cause of underlying male infertility. In contrast to the rapid development in ART, conventional semen analysis (SA) remained the cornerstone for evaluation of infertile men. However, despite its ability in providing an overall assessment of male fertility potential, SA fails as an accurate predictor of fecundity due to variations in sperm quantity and quality (3) . In addition, the live birth rate utilizing ICSI as treatment of male factor infertility does not exceed 30% (4) . As a result, there is a need to search for additional diagnostic tools which improve prediction of fertility and direct management decisions of infertile men.
Infertility researchers have turned their attention to sperm function tests in the last few decades. Sperm DNA fragmentation (SDF) is perhaps the only investigation that has withstood the test of time with increasing availability among andrology laboratories worldwide. The
Guideline
The Society for Translational Medicine: clinical practice guidelines for sperm DNA fragmentation testing in male infertility importance of sperm DNA integrity in fertilization, early embryo development, implantation, and pregnancy has been supported by various in vitro and in vivo studies (5) . Protamination of sperm DNA is essential in compaction of paternal genome during transportation to female genital tract (6) . Some DNA damage or breaks may occur during the process, which can be repaired by oocytes. However, infertility can ensue when the damage exceeds the threshold of oocyte repair machinery (7) .
While the implication of SDF on male infertility is increasingly understood, the role of SDF testing in clinical practice remains poorly defined. Although there is insufficient evidence to support the routine use of SDF testing in evaluation of infertile men (8) , the value of SDF testing has been acknowledged in the latest American Urological Association (AUA) and European Association of Urology (EAU) guidelines (8, 9) . A recently published practice recommendation on clinical utility of SDF testing represents the first attempt to suggest specific indications for SDF testing in clinical practice (10) .
This clinical practice guideline aims to present the most updated information on clinical utility and illustrate the principle of SDF testing. Management of increased SDF in each indication is reviewed. The most widely available methodologies for SDF testing are briefly discussed. The guidelines are intended to serve as a reference for fertility specialists in identifying the circumstances in which SDF testing should be of greatest clinical value.
SDF tests
SDF tests are generally classified into direct and indirect assays. Direct assays measure the extent of SDF by using probes and dyes directly. On the other hand, indirect assays measure both the existing breaks and the susceptibility of DNA to denaturation which occurs more commonly in fragmented DNA. There are eight described methods to assess SDF (10) . Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), the sperm chromatin structure assay (SCSA), and the sperm chromatin dispersion test (SCD) are the three most commonly used and reported tests (11) .
TUNEL utilizes fluorescent nucleotides in detection of "nicks" or free ends of DNA (12) . The assay quantifies the incorporation of dUTP into single-stranded or doublestranded DNA breaks through an enzymatic reaction by using flow cytometry or fluorescence microscopy. The SCSA is a flow cytometry-based assay that evaluates acridine orange staining to DNA breaks in a large number of cells (5) . Following a mild acid denaturation of sperm DNA, the nucleic acid-selective cationic fluorescent dye binds to double-stranded DNA producing green fluorescence or to single-stranded DNA producing red fluorescence. The extent of DNA denaturation is determined by measuring the metachromatic shift from green to red fluorescence (13) . The SCD, also known as the Halo test (14) , is based on the concept that sperm with fragmented DNA do not produce the characteristic halo of dispersed DNA loops that are observed in sperm with non-fragmented DNA following acid denaturation and removal of nuclear proteins. Halos can be observed under microscopes for SDF quantification of a specimen.
Generally, SDF measurement provides a more accurate representation of a male's fertility status (15) (16) (17) . Numerous studies illustrated the prognostic value of SDF tests in the assessment of sperm DNA damage and fertility potential of an individual irrespective of the testing method used (18) . In fact, various SDF tests including TUNEL, SCSA and SCD have correlation coefficients ranging from 0.3 to 0.7 signifying a moderate correlation (19, 20) . However, the true nature of sperm DNA damage and exactly what it is that each test measures is unclear. Refinement in methodology is required before its widespread use among andrology laboratories and incorporation into male fertility evaluation. Multiple factors, including sperm preparation and quality control, are important in ensuring accuracy and precision of SDF tests.
Preparation of semen sample
 Neat semen sample should be used for SDF testing ( Table 1 , grade C recommendation);  A fixed ejaculatory abstinence before collection of semen sample should be applied ( Table 1 , grade C recommendation). Neat sample is most commonly used for SDF testing as reported in the literature. Indeed, there is concern about the negative implication of sperm preparation procedures for in vitro fertilization (IVF)/ICSI on sperm DNA damage. Density gradient centrifugation (DGC) is a common sperm preparation procedure before ART and has been shown to increase SDF in approximately 50% of patients leading to lower pregnancy rate (21) . In contrast to sperm motility which improves after DGC, there is a significant increase in SDF from 15% to 25% in spermatozoa recovered after DGC in infertile patients (22) . DGC has been reported to result in increased SDF especially when higher centrifugation force, longer duration and Percoll gradients were used (22, 23) . On the other hand, several reports provided an opposing view and demonstrated a reduction in the proportion of sperm with damaged DNA ranging from 22% to 47% after DGC (24, 25) . The implication of sperm processing on SDF remains inconclusive and further study in the area is required.
It is noted that SDF of DGC-processed sperm measured by SCSA did not predict ART outcomes in contrast to neat samples, despite the observation of a reduction in SDF after DGC (26) . Also, no association between sperm SDF after swim-up and fertilization, implantation and pregnancy rates could be demonstrated (27) . Therefore, the use of processed sample in SDF testing for prediction of ART outcome is not supported by current evidence.
A fixed ejaculatory abstinence before collection of neat semen sample is suggested to be influential of SDF result. Quick repetitive ejaculation with short abstinence has been proposed as a treatment for high SDF (28, 29) . Short abstinence has resulted in a significantly lower SDF in patients with 1 day of abstinence compared to those with longer abstinence (29) . Although the optimal time of ejaculatory abstinence is yet to be defined, a recommended abstinence of 2-3 days before sample collection probably reduce the impact of intra-and inter-individual variation in SDF on the interpretation and comparison of test result.
The susceptibility to stress in sperm from infertile men with high baseline SDF may be explained by the higher content of reactive oxygen species (ROS) in the semen samples compared to normal controls (30) . Several strategies have been proposed to reduce the deleterious impact of sperm The use of testicular sperm rather than ejaculated sperm may be beneficial in men with oligozoospermia, high SDF and recurrent IVF failure (grade B-C recommendation)
Borderline abnormal (or normal) semen parameters with risk factor SDF testing should be offered to patients who have a modifiable lifestyle risk factor of male infertility (grade C recommendation)
Grades of recommendations according to quality of evidence: Grade A, based on clinical studies of good quality and consistency with at least one randomized trial; Grade B, based on well-designed studies (prospective, cohort) but without good randomised clinical trials; Grade C, based on poorer quality studies (retrospective, case series, expert opinion). Modified from Oxford Centre for Evidence-Based Medicine (http://www.cebm.net/oxford-centre-evidence-based-medicine-levels-evidence-march-2009/). SDF, sperm DNA fragmentation; IUI, intrauterine insemination; RPL, recurrent pregnancy loss; IVF, in-vitro fertilization; ICSI, intracytoplasmic sperm injection. preparation on SDF including: short incubation time (31) , storage at room temperature (32) , and addition of antioxidants/cryoprotectants to culture media (33, 34) .
Cryopreservation of sperm may exert deleterious effect on SDF. However, data from large studies are lacking. While some studies suggested negative impact of freeze/ thaw on SDF (35) (36) (37) (38) , others failed to demonstrate such a relationship (39) (40) (41) .
Standardization of SDF tests
 A standardized protocol with stringent quality control is essential for a reliable SDF testing result ( Table 1 , grade B-C recommendation). Currently, all SDF tests share the common pitfall that the nature and type of DNA damage are unknown (42) . Therefore, the results of these assays are generally not comparable due to the different aspects of SDF measured. Nonetheless, the tests are interrelated to a greater or lesser extent by reflecting the overall quality of the specimen and the properties of the sperm DNA, and may point to a common origin of damage (43) . As a result, the reliability of the assays can only be ascertained with standard protocol and quality control in specialized andrology laboratories. Among the SDF assays, SCSA (44), TUNEL (45), SCD (46) and COMET (47) have refined and standardized protocols reported in the literature. A recently published study has reported a high correlation in TUNEL results between two laboratories when the same set of semen samples was independently analyzed under standardized assay conditions by using identical instrument (48) . Comparative measurement of semen samples by technicians experienced in SCSA with standardized protocol also revealed highly reliable results between laboratories (49).
The application of flow cytometry allows thousands of cells to be analyzed in a relatively short time which significantly increase the reliability of SDF tests (13, 50) . Incorporation of flow cytometry in TUNEL and SCSA decrease the intra-and inter-observer variability compared with the use of optical or fluorescence microscopy in other techniques (49, 50) . Indeed, SDF of a semen sample can only be assessed accurately by studying a large number of cells since each spermatozoon in an ejaculate is unique and variable in its DNA integrity.
Cut-off values
 SDF threshold reflects the probability on reproductive outcome ( Table 1 , grade B-C recommendation). The lack of standard cut-off values for SDF testing is a common criticism for routine application of the test in evaluation of infertile men (8, 9) . However, it is unlikely that a single laboratory test with clear cut-off values can completely assess the complex human reproductive system involving multiple factors from both partners. Multiple cutoff values for various SDF assays in predicting outcomes of natural conception and ART have been proposed and summarized (42) . While SCSA DNA fragmentation index (DFI) >30% is consistently associated with negative pregnancy outcome in natural conception and intrauterine insemination (IUI), the reported cut-off values in predicting ART outcome varies (42) . Infertility problem may occur when SCSA DFI reaches 20-25% and success of ART decreases as DFI rises (51, 52) . However, a high DFI does not exclude the possibility of successful conception. Therefore, SDF testing result should be regarded as a statistical value in reflecting the probability of pregnancy. It is rational to adjust the cut-off according to specific clinical scenarios and taking into account other confounding factors. The acceptable threshold level for each infertile couple may vary and probably no absolute cut-off value is available.
Evidence on sample preparation, test standardization, and cut-off values of SDF tests are summarized in Table 2 .
Indications for SDF testing

Clinical varicocele
 SDF testing is recommended in patients with grade 2/3 varicocele with normal conventional semen parameters ( Table 1 , grade C recommendation);  SDF testing is recommended in patients with grade 1 varicocele with borderline/abnormal conventional semen parameter results ( Table 1 , grade C recommendation). Varicocele is a clinical condition associated with considerable debate. Varicocele is the most common cause of primary and secondary infertility in men (53, 54) . While the benefit of varicocelectomy has been proven with 60-80% improvement in semen parameters and 20-60% improvement of natural pregnancy in couples (55) , only 20% of adult men with varicocele have difficulties conceiving (56) . Selection of patients who will benefit from surgical intervention remains challenging and the use of conventional semen parameters as the laboratory indicator for treatment decision is flawed (57) . Efforts were made to search for adjunct laboratory tests that would help identify those who would benefit most after surgery. Interest in SDF testing began after a significantly positive association with varicocele was detected in early reports (58) .
The prevalence of SDF in varicocele patients has been reported by many studies. In a literature review including 16 case-control studies, Zini et al. reported that both fertile and infertile men with varicocele tend to have higher SDF than controls, thus suggesting that varicocele is associated with DNA damage even when fertility has not been compromised (59) . A significantly higher SDF was observed in patients with varicoceles than controls, with a mean difference of 9.84% (95% CI, −4.09 to −2.65; P<0.001) (60 (62) .
The association between varicocele and increased SDF was further validated by examining the effect of varicocelectomy on sperm DNA damage. A reduction of SDF after varicocelectomy was reported in 511 patents in 12 studies in a review by Zini et al. (59) . A meta-analysis also showed that varicocelectomy improves sperm DNA integrity, with a mean difference of −3.37% (95% CI, −4.09 to −2.65; P<0.00001) compared to no treatment (60) . More recent studies further reported increase in pregnancy rate after varicocelectomy in addition to reduction in SDF. Smit et al. examined 49 patients who had a 1-year history of infertility and underwent varicocelectomy. Significant decrease in SDF from 35.2% to 30.2% (P=0.019) measured by SCSA was observed postoperatively. Natural pregnancy was observed in 37% of patients who had a significantly lower SDF than patients who did not conceive naturally or who conceived with assisted reproduction (63) . Similar finding was reported by Ni et al. in their study evaluating 43 infertile men with varicocele and 10 normozoospermic fertile controls. Marked improvement in semen parameters and sperm DNA integrity was noted after varicocele repair. Notably, the SDF result in patients who achieved pregnancy after varicocelectomy (20.6±3.5%) was not significantly different from controls (11.5±3.9%), but was lower than both preoperative values (27.4±6.3%; P<0.01) and the results of non-pregnant patients (24.7±6.5%; P<0.01) (64) . The beneficial effect of varicocelectomy on SDF was present in 78-90% of patients with high SDF and clinical (64) . There is currently insufficient evidence to highlight the clinical utility of SDF testing in low grade varicocele and additional research is needed to elucidate the significance of SDF in grades 1 and 2 disease. Nonetheless, varicocelectomy could result in desirable outcome in lowgrade disease. A recent study evaluated 482 infertile patients with varicocele who underwent surgical ligation. There was a statistically significant improvement in semen parameters after surgery in all three grades of varicocele. More importantly, lower grade varicocele patients had achieved natural pregnancies that were similar to those of grade 3 varicocele patients after surgery (68) .
The result of SDF testing may affect management decision of adolescent varicocele by objectively demonstrating testicular dysfunction which may predict possible progression to infertility. Studies have shown that sperm nuclear DNA fragmentation was increased in adolescent with varicocele despite the lack of difference in semen parameters compared to non-varicocele group (69) and the beneficial effect of varicocelectomy in adolescents was also suggested by increased sperm DNA integrity and mitochondrial activity after operation (70) .
Collectively, the association between SDF and varicocele, and the reversible nature of high SDF in the majority of patients after varicocelectomy support the utility of SDF testing in better selection of varicocelectomy candidates. While further studies are required in ascertaining the role of SDF testing in grade 1 varicocele patients, the correlation between high SDF and grade 2/3 varicocele is more clear ( Table 3) .
Unexplained infertility/IUI failure/recurrent pregnancy loss (RPL)
 SDF testing should be offered to infertile couples with RPL or prior to initiating IUI ( Unexplained infertility is used to define couples with conventional semen parameters within reference values and in whom definitive male and female infertility factors have not been identified (98) . It constitutes about 10-30% of couples seeking evaluation of infertility (99, 100) and perhaps demonstrates the limitations of conventional SA.
Men with unexplained infertility may have impaired sperm DNA integrity with otherwise normal semen parameters (73) . As a matter of fact, 25-40% of infertile men with normal semen parameters present with SDF rates >20-30% (19) . Olezczuk et al. compared 119 men with unexplained infertility to 95 men with proven fertility. It was found that SDF index was above 30% in 17.7% of men with unexplained infertility compared to 10.5% of men with proven fertility (P=0.005) (71) . A recent prospective study enrolling 25 infertile couples with unexplained infertility demonstrated that 43% and 29% of patients had SDF levels above 20% and 30% measured by SCD test respectively (72) .
Despite its relative paucity, good quality evidence on the correlation of SDF with natural pregnancy and IUI outcomes is not lacking (42) . A meta-analysis involving 3 studies and 616 couples suggested high SCSA SDF index was associated with failure to achieve natural pregnancy with an odds ratio of 7.01 (95% CI, 3.68-13.36) (74). The prospective LIFE study (75) and the Danish First Pregnancy Planner study (51) provided solid evidence by using time-to-pregnancy to assess fertility. The studies illustrated the correlation between infertility and SCSA SDF index >30% in an unselected population of unknown fertility capability (51) . Although the association between high SDF and poor IUI outcomes is not without debate, several studies had demonstrated a strong relationship. A higher probability, with an odds ratio 7.0 to 8.7, of successful pregnancy was observed in couples whose male partner has low SDF (42). Duran et al. evaluated semen sample from 154 IUI cycles. The SDF level was significantly higher among the failed cycles, where no pregnancy was achieved with sperm having a SDF >12% measured by TUNEL (76) . Another study by Bungum et al. reported significantly lower biochemical pregnancy (3% vs. 24%), clinical pregnancy (3% vs. 23.7%) and delivery rates (1% vs. 19%) in patients with an SDF index >30% vs. <30%, respectively (73) . A recent study concurred with the above findings by showing that SCSA SDF index >27% has negative impact on IUI pregnancy rate (77) .
Furthermore, RPL, which is defined by three consecutive pregnancy losses prior to 20-week gestation (101) , has been linked to high SDF. Khadem A ROC curve analysis demonstrated that RPL couples and controls are discriminated at SDF index of 26% with a 73% sensitivity, 90% specificity, and accuracy of 83% (81) . The association of high SDF and (82) .
In summary, SDF testing should be offered to couples with unexplained infertility, IUI failure, and idiopathic RPL. A high SDF index would provide a possible explanation for the adverse reproductive outcome, though the exact cutoff values for prediction of IUI success and RPL are still debated. Possible interventions to reduce SDF should be implemented. The application of IVF or ICSI sooner rather than later may be indicated in couples with RPL or prior to initiating IUI ( Table 3 ).
IVF and/or ICSI failure
 SDF testing is indicated in patients with recurrent failure of assisted reproduction ( Table 1 , grade C recommendation);  The use of testicular sperm rather than ejaculated sperm may be beneficial in men with oligozoospermia, high SDF and recurrent IVF failure ( Table 1 , grade B-C recommendation).
The relationship between SDF and IVF/ICSI outcome has been extensively investigated. Controversies persist in view of the involvement of multiple confounding factors and heterogenous nature of the studies (42) . Female factor is particularly influential in this area as demonstrated by Jin et al. The study reported that SDF significantly affect outcomes of ART only in patients with reduced ovarian reserve (83) .
Systematic reviews have reported a significant relationship between sperm DNA damage and pregnancy rates with IVF (84, 85) . Zini et al evaluated 9 IVF studies and reported lower pregnancy rates in patients with a high SDF with a combined odds ratio of 1.57 (95% CI, 1.18-2.07; P<0.05) (84) . In contrary, existing evidence suggests SDF has a negligible effect on fertilization rate during ICSI cycles. The systematic review by Zini et al. failed to find a significant association between SDF and ICSI pregnancy rates with a combined odds ratio of 1.14 (95% CI, 0.86-1.54) (84). Zhao et al., in their meta-analysis of 2,756 couples, revealed a lower pregnancy rate in the context of high SDF was noted only in patients undergoing IVF but not ICSI (86) . The difference may be explained by the technical differences between the two procedures. Both gametes in IVF are subjected to prolonged culture and the resultant oxidative stress may impact the outcome (102) . Conversely, ICSI sperm is injected directly to oocyte soon after ejaculation. The potentially better quality oocyte with less in vitro damage may be more capable to repair the damage in the sperm which are also subjected to less oxidative stress during ICSI (103) .
The association between SDF and live birth rates in patients undergoing IVF and ICSI has been reported recently. A meta-analysis including 6 studies and 998 couples summarized that men with low SDF had a higher live birth rate than those with high SDF (RR 1.17, 95% CI, 1.07-1.28; P=0.0005) (85) . Another study showed a significantly higher live birth rate in men with low SDF with risk ratio 1.27 (95% CI, 1.05-1.52; P=0.01) and 1.11 (95% CI, 1.00-1.23; P=0.04) for IVF and ICSI respectively (87) .
Several studies have reported a relationship between SDF and pregnancy loss after IVF and ICSI (42) . In one study evaluating 5 IVF and 6 ICSI studies and 1,549 treatment cycles, the combined OR of 2.48 (95% CI, 1.52-4.04; P<0.0001) indicates that high SDF is predictive of pregnancy loss after ART (79) . In another study pooling 16 papers and 2,969 couples, the risk of early pregnancy loss was increased by 2.16-fold when semen specimens with high SDF were used for IVF or ICSI (95% CI, 1.54-3.03; P<0.001) (88) .
Several strategies are proposed to minimize the impact of abnormal SDF on ART outcomes. The intake of oral antioxidants, varicocele repair, frequent ejaculation, sperm selection techniques (such as magnetic cell sorting, physiological ICSI or intracytoplasmic morphologically selected sperm injection), and the use of testicular sperm for ICSI have been attempted with varying success. However, the routine application of SDF testing before ART is debated partly due to the uncertain effect of the treatment strategies on ART outcomes (104) . Nonetheless, evidence supporting the effectiveness of intervention in patients with high SDF is evolving. Bradley et al. found that live birth rates were higher with testicular sperm extraction/aspiration (49.8%), intracytoplasmic morphologically selected sperm (28.7%) and physiological ICSI (38.5%) compared with no intervention (24.2%) (92) .
The use of sperm harvested from testis instead of ejaculated sperm in ICSI is seemingly a plausible maneuver based on the belief that most sperm DNA damage occurs during the epididymal transit (105, 106 (89) . In another study of similar design but involving normozoospermic men with high SDF, the fertilization and miscarriage rates did not differ; however, a significantly higher pregnancy rate was reported in testicular sperm cycles (93) .
While further research in this area is warranted, SDF testing in patients with ART failure is indicated as it can provide prognostic information on subsequent ART cycles ( Table 3 ). The existing evidence revealed that the use of testicular sperm rather than ejaculated sperm in men with oligozoospermia, high SDF and recurrent IVF failure may be potentially beneficial ( Table 1) . A high SDF result in patients with IVF/ICSI failure may prompt early application of ICSI with or without the use of testicular sperm in improving ART outcomes.
Borderline abnormal (or normal) semen parameters with risk factors
 SDF testing should be offered to patients who have a modifiable lifestyle risk factor of male infertility ( Table 1 , grade C recommendation). An imbalance between ROS and antioxidants triggers a state of oxidative stress which may damage sperm DNA. Indeed, oxidative stress-induced SDF is the underlying pathology associated with a number of lifestyle factors in male infertility (42) .
Smoking has a detrimental effect on conventional semen parameters (107), sperm fertilizing capacity (108) , and risk of infertility (109) . It is shown that SDF in smokers is consistently higher than that in non-smokers (12) . A study by Elshal et al. categorized patients with idiopathic infertility into fertile non-smokers, infertile non-smokers, and infertile smokers. SDF was significantly higher in infertile smokers than infertile non-smokers. In addition, significant negative associations were reported between the degree of SDF and worsening of semen parameters (94) .
Obesity has been linked to subfecundity and a doseresponse relationship between increasing body mass index (BMI) and subfecundity has been reported (95). Kort et al. evaluated 520 male partners of infertile couples and found a positive correlation between BMI and SDF, with the mean SDF rising from 19.9% in men with a normal BMI to 27.0% in obese men (96) . Few emerging studies revealed that weight loss in severely obese men leads to improved semen parameters and reproductive hormonal profile; however, no change in SDF was observed (110, 111) .
While the negative implication of smoking and obesity has been consistently reported by several studies, further research is needed to confirm the role of lifestyle modifications in improving sperm DNA integrity and how these changes possibly translate into better reproductive outcomes. On the other hand, a recent Cochrane review suggested the possible effect of antioxidant therapy in increasing live birth rate. Two trials including 100 patients found that oral antioxidant significantly reduces SDF compared to placebo (mean difference −13.8%; 95% CI, 10.4-17.7%; P<0.00001) (97) .
In summary, SDF should be offered during evaluation of infertile men who have a potentially modifiable lifestyle factor ( Table 1 ). The clear association between SDF and the lifestyle factors makes SDF testing an ideal tool in identification of at risk patients and monitoring the response to intervention. SDF testing can also help in reinforcement of lifestyle modification ( Table 3) .
Conclusions
Sperm DNA integrity is essential in the success of human reproduction. There is fair evidence indicating that SDF testing is useful in evaluation of infertile men. While it has been extensively researched over the past two decades, further studies help us in identifying the role of SDF testing in clinical practice. SDF testing should be included in the evaluation of male infertility in selected patients along with SA.
